Double strand breaks (DSBs) can be repaired by homology independent nonhomologous end joining (NHEJ) pathways involving proteins such as Ku70/80, DNAPKcs, Xrcc4/Ligase 4, and the Mre11/Rad50/Nbs1 (MRN) complex. DSBs can also be repaired by homology-dependent pathways (HDR), in which the MRN and CtIP nucleases produce single strand ends that engage homologous sequences either by strand invasion or strand annealing. The entry of ends into HDR pathways underlies protocols for genomic manipulation that combine site-specific DSBs with appropriate informational donors. Most strategies utilize long duplex donors that participate by strand invasion. Work in yeast indicates that single strand oligonucleotide (SSO) donors are also active, over considerable distance, via a single strand annealing pathway. We examined the activity of SSO donors in mammalian cells at DSBs induced either by a restriction nuclease or by a targeted interstrand cross-link. SSO donors were effective immediately adjacent to the break, but activity declined sharply beyond ϳ100 nucleotides. Overexpression of the resection nuclease CtIP increased the frequency of SSO-mediated sequence modulation distal to the break site, but had no effect on the activity of an SSO donor adjacent to the break. Genetic and in vivo competition experiments showed that sequence conversion by SSOs in the immediate vicinity of the break was not by strand invasion or strand annealing pathways. Instead these donors competed for ends that would have otherwise entered NHEJ pathways.
informational reference sequence acting in trans. NHEJ might be regarded as a collection of operations (end processing by nucleases, limited single strand exposure of the ends, fill in by polymerases, ligation), without requirement for a specific order of events (1) . In mammalian cells the best characterized version of NHEJ, often termed "classical" (C-NHEJ) (2, 3) , utilizes several factors, including Ku70/80, Artemis, XLF, DNAPKcs, Xrcc4/DNA ligase 4, pol, pol, and XLF/Cernunnos (4 -8) .
Although precise joining of restriction enzyme cleaved ends can occur, the pathway is frequently mutagenic, resulting in the introduction of short deletions at the break site (9 -11) .
Deletions at the DSB are sometimes bounded by short homology elements located on either side of the break. These have been described as the product of a microhomology mediated end joining (MMEJ) pathway (5, 12) . Deletions without microhomologies are also recovered and recent work suggests that the MRN complex plays an important role in both versions of deletional NHEJ (2, (13) (14) (15) . A backup pathway involving poly(ADP-ribose) polymerase 1 and ligase III has been described as well (16, 17) . It should be noted that whether end joining in the absence of one of the canonical factors is evidence of different discrete pathways, or simply a variation on a fundamental scheme, is a matter for discussion (7) . Nonetheless, NHEJ is the dominant mode of DSB repair (not associated with replication) in mammalian cells, and is operative throughout the cell cycle (18) . In yeast, much DSB repair is via HDR pathways. However, NHEJ is fully functional and all mammalian proteins, with the exception of DNAKcs and Artemis have yeast homologs (21) .
HDR pathways are active during the S and G 2 phase of the cell cycle (18, 19) , and compete with NHEJ (20, 21) . Transfected duplex donor sequences can be the source of homology, providing an opportunity to introduce a novel sequence into the genome. Consequently there has been considerable effort directed toward developing strategies for genomic modulation based on targeted DSBs and duplex donors (22) (23) (24) (25) (26) . Entry of a DSB into HDR pathways requires 5Ј-3Ј strand resection exposing 3Ј-end single strand tails (27, 28) . Resection requires the MRN complex in conjunction with Brca1 and the resection nuclease CtIP, which interacts with MRN and promotes endonucleolytic activity of the complex in a cell cycle-regulated fashion (29 -32) . In yeast, which lack Brca1, resection can extend over thousands of bases (33) (34) (35) (36) (37) . However, in mammalian cells, proteins such as Rad51, Rad51C, Xrcc3, and NBS1 associate with DNA extending only 1-2 kb from the break, indicating a more limited resection (38, 39) .
The resected ends can hybridize to homologous sequences by Rad51/Brca2-mediated strand invasion (required for homologous recombinational repair) (40, 41) . The Rad51 paralogue proteins, Rad51B, -C, -D, Xrcc2, and Xrcc3, support Rad51 activity (39, (42) (43) (44) . Fanconi anemia (FA) proteins are also thought to contribute to HDR pathways at broken replication forks (45) . Recently, a FancG-dependent complex of Brca2/ FancD2/Xrcc3 was described and implicated in replication associated HDR (46) .
Homology-dependent interactions can also occur between elements on either side of a break via the SSA pathway (47) . Repeated sequences in the extended single strand tails can anneal with each other, forming a structure that is resolved by deletion of the intervening sequence and one copy of the repeat. In mammalian cells Rad52 and Ercc1/Xpf make important contributions to this pathway (48 -52) .
Most strategies for targeted gene modification use doublestranded donors, which enter classical Rad51/Brca2-dependent homologous recombinational repair pathways (53) (54) (55) . However, important work in yeast from the Resnick (56) laboratory has shown that single-strand oligonucleotides (SSOs) can modify the sequence around a DSB. They demonstrated that SSOs could be used to manipulate sequences thousands of bases from the break site. They proposed that the SSOs enter an SSA pathway with two cycles of annealing of the donor oligonucleotide to resected ends on either side of the DSB (Fig. 1) (56) . Their model explains SSO-mediated sequence modulation in yeast, and provides a conceptual basis for analysis of related pathways in mammalian cells.
Sequence conversion in mammalian cells by SSO donors at targeted DSBs has been described (57, 58) . The DSB was introduced by the well known homing endonuclease I-SceI in stably integrated marker genes. DSBs can also be generated as a result of the cellular response to DNA damage. We have shown that targeted psoralen cross-links induce small deletions typical of NHEJ repair of DSBs (59, 60) . Consistent with the induction of DSBs, the sitespecific cross-links can also stimulate SSO-mediated sequence conversion of the target region (61) .
The activity of SSO donors at sites of DSBs raises questions about the applicability of the yeast model to the mammalian cell system. In the experiments described in this report we have tested, in mammalian cells, two postulates derived from the yeast two-step annealing model: efficient sequence modulation can occur distal to the break, and SSO donors enter a SSA pathway. Our results argue that, in mammalian cells, SSO-directed information transfer is restricted to the immediate vicinity of the DSB. Furthermore, the SSO donors compete for ends that enter an NHEJ, rather than an SSA, pathway. Because NHEJ operates throughout the cell cycle this opens the possibility that directed modulation of genomic sequences could be realized at targeted DSBs in nonproliferating cells.
MATERIALS AND METHODS
Cells, Culture, and Synchronization-Chinese hamster ovary (CHO) cells, wild type, and repair-deficient derivatives were grown in minimal Eagle's medium (Invitrogen) supplemented with penicillin/streptomycin and 10% fetal bovine serum. CHO cells expressing a dominant-negative form of Rad51 (62) (the kind gift of Dr B. Lopez), Xrcc3-deficient irs1SF cells (63) , the FancG knock-out line KO40 (64) , and the Brca2-deficient line V-C8 (65) have all been described. V-C8 cells complemented by expression of wild type Brca2 were the generous gift of Drs. S. Kowalczykowski and R. Jensen. The construction of the AA8-I-SceI cell line, by targeted knock-in, was described in a previous publication (61) . This cell line is repair proficient and con- tains an I-SceI site in intron 4 immediately 5Ј of the polypurine: polypyrimidine element that is part of the splice junction and the triplex target site (Fig. 2a) .
The AA8-SSA cell line was constructed by targeted knock-in into intron 5 of a 270-nt sequence present in intron 4 of the hamster Hprt gene. AM-12 CHO cells contain a variant triplex psoralen target site adjacent to a mutated exon 5, and are Hprt deficient. A duplex donor construct (containing, in the 5Ј to 3Ј order, 1000 nt from intron 4, the I-SceI recognition sequence, the wild type triplex-psoralen target site, a wild type exon 5, an insertion of the 270-nt intron 4 element, and 1000 nt of intron 5) was co-electroporated with the AM-12 variant pso-TFO into AM-12 cells. After photoactivation, the cells were cultured for 72 h and then incubated in hypoxanthine/aminopterin/thymidine (10 Ϫ4 M hypoxanthine, 5 ϫ 10 Ϫ6 M aminopterin, 10
Ϫ5
M thymidine) medium to select for colonies with a wild type Hprt gene. Candidate clones were examined by PCR, restriction enzyme digestion, and sequence analysis to confirm the construction.
Prior to experiments, cells were cultured in medium containing hypoxanthine/aminopterin/thymidine to remove pre-existing Hprt-deficient cells. CHO were synchronized in G 0 /G 1 by a variation of the method described by Sawai et al. (66) . Briefly, cells were plated at subconfluent levels and the next day the medium changed to ␣-minimal Eagle's medium with 2% fetal bovine serum and 2% Me 2 SO. After 48 h the cells (85-88% G 0 /G 1 ) were washed and incubated with complete medium containing 100 M mimosine for 16 h to block them in early S phase (ϳ90% early S phase cells). After 16 h the cells were released from the mimosine block by feeding with ␣-minimal Eagle's medium, 10% fetal bovine serum.
Oligonucleotides, Transfection Hprt Mutation Assay-The 17-nt TFO, AE-07 (referred to in the text as pso-TFO), against the hamster Hprt target, was synthesized and purified as described previously (67) . The sequence of the SSO-0 100-nt single strand oligonucleotide donor, which introduces inactivating mutations into exon 5 as well as a novel XhoI site, was discussed in a prior publication (61) . This donor was homologous to the region immediately adjacent to either side of the double strand break generated by the targeted cross-link site, or the I-SceI homing endonuclease, at the intron 4/exon 5 junction of the CHO Hprt gene. The 100-nt deletion donor oligonucleotides contained 50 nt homologous to the region immediately adjacent to one or the other side of the DSB target site. The remaining 50 nt were homologous to sequences located at the indicated distance from the DSB site. Oligonucleotides and/or plasmids (the CtIP-GFP expression plasmid was the kind gift of Dr. Stephen Jackson) were introduced into cells by electroporation using an Amaxa nucleoporator (Lonza). Transfection of the pso-TFO was followed by incubation for 3 h and then exposure in the Rayonet chamber to UVA light for 3 min at 1.8 J/cm 2 . The cells were cultured for 7 days and then plated in medium containing 20 M 6-thioguanine. Cells were also plated in medium without 6-thioguanine to determine plating efficiency. After 7-10 days, colonies were counted and the mutation frequencies calculated as the ratio of 6-thioguanineresistant colonies/total colony forming cells. In experiments with MIRIN (Tocris), following electroporation and photoactivation, cells were incubated with 60 M compound for 20 h, after which the medium was replaced with standard medium and the cells processed as described.
Analysis of Hprt Target Region in 6-Thioguanine-resistant Colonies-Individual colonies were picked and expanded in 96-well dishes. DNA was extracted and the exon 5 target region was amplified using forward primer 5Ј-CTAGTTTGAGGC-CAGCTTTGGC and reverse primer 5Ј-GGGATTCCAG-GCATGCCTTACTG, which yield a 750-bp fragment with DNA from wild type cells. Digestion of the PCR product with the appropriate restriction enzyme was used to identify clones in which sequence conversion had occurred. Conversion was confirmed by sequence analysis.
RESULTS
Activity of SSO Donors-In earlier publications we described the development of biologically active triple helix forming oligonucleotides (TFOs) linked to psoralen, a photoactive crosslinking agent (67, 68) . Some experiments presented in this report employed a psoralen-linked TFO (pso-TFO) designed to introduce a cross-link into a site immediately adjacent to exon 5 in the Chinese hamster Hprt gene. Electroporation of the pso-TFO was followed by a brief exposure to long wave ultraviolet light (UVA) to activate the psoralen. In other experiments we used I-SceI to introduce the break (see Fig. 2a for a schematic of the target site) (61) . I-SceI is continuously active for the lifetime of the encoding plasmid and transcription/translation product, thus there are many cleavage events during the course of an experiment. In contrast, the psoralen cross-link is introduced once, during a single exposure to UVA. The requirement for photoactivation permits control of the time of cross-linking and subsequent processing, in contrast to the uncontrolled expression of I-SceI. Based on the yeast two-step model we anticipated that the activity of the SSO donors would be dependent on SSA. Consequently we introduced the targeted cross-link into cells synchronized in S phase ("Materials and Methods").
In our previous study we demonstrated the sequence conversion activity of an SSO donor (here referred to as SSO-0) designed to interact with regions immediately adjacent to either side of a DSB. The oligonucleotide was 100 nt long and contained 50 nt homologous to the sequences adjacent to one side of the break site, and 50-nt homologous to the other side. A few nucleotides in the SSO-0 donor differed from the wild type sequence such that conversion created a new restriction site and also inactivated the Hprt gene (61) . The activity of the SSO-0 donor implied sufficient single strand exposure at the break to support stable hybridization with the oligonucleotide in both the first and second step, as proposed in the twostep model (56, 69) (Fig. 1) . Prompted by the success of the SSO-0 donor we attempted to introduce a defined deletion of 400 bases. We co-electroporated a plasmid encoding I-SceI together with a 100-mer SSO donor (SSO-400) containing 50 nt of homology to a region 200 nt upstream, and 50 nt of homology to a region 200 nt downstream, of the break site. In a parallel experiment, the SSO-400 donor was co-electroporated with the pso-TFO followed by UVA treatment. Cells in which the 400-nt deletion occurred would be deficient in Hprt by loss of exon 5.
Of course cells could also be Hprt deficient as the result of NHEJ-mediated deletions, in which the SSO-400 donor played no part. We examined 384 Hprt-deficient colonies from the experiment with the pso-TFO/UVA (frequency of Hprt deficient colonies ϭ 0.5%), and 192 colonies from the experiment with I-SceI (1% Hprt-deficient colonies). We recovered a single clone with the precise deletion from each set, for an absolute frequency of ϳ0.002%. This contrasted with the 200-fold greater activity of the SSO-0 donor (61) .
Sequence Conversion by SSO Deletion Donors-The minimal activity of the SSO-400 donor was unexpected given the demonstration of end resection extending to ϳ2 kb from the break site (38, 39) and the success of deletion donors in the yeast system. Consequently we wanted to assess the distance from the DSB over which the SSO donors would be active, in both steps in the conversion pathway. We designed two series of 100-mer SSO donors that contained 50 nt homologous to the region immediately adjacent to one or the other side of the break (Fig. 2b) . In the 1st step deletion donors the 50-nt portion involved in the first annealing step was homologous to sequences progressively further from the break on the 1st step side. The other 50-nt portion of the oligonucleotide was homologous to the sequences immediately adjacent to the break on the 2nd step side. Conversion by these donors would produce clones with deletions on the side of the break engaged in the 1st annealing step.
With the 2nd step deletion donors the SSO would hybridize, in the first step of the pathway, to the 50-nt region immediately adjacent to the break on the 1st step side. The other half of the SSO was designed such that its complement, synthesized by extension, and revealed by subsequent processing, would hybridize in the 2nd step with regions of homology progressively further away from the break on the 2nd step side. Conversion by these donors would produce cell clones with defined deletions in the 2nd step direction. The stepwise scheme for the 2nd step deletion donor is diagrammed in Fig. 1 . The activity of the different donors would reflect the efficiency of sequence conversion as a function of distance from the break. However, in contrast to the SSO-400 donor, in each of these deletion donors, half of the sequence was identical to the corresponding half of SSO-0, whose activity was well established (61) .
In the first series of experiments we measured donor activity in cells treated in S phase with the pso-TFO/UVA. The SSO donors were designed to introduce deletions of 0 (SSO-0), 20, 60, and 200 bases in the first and second step directions. Additionally, all donors introduced the same new restriction site as SSO-0. After co-electroporation of the pso-TFO and an SSO donor, followed by photoactivation and passage, colonies with mutant Hprt genes were isolated. The target region from these clones was amplified and examined by restriction digestion to identify the products of sequence conversion by the SSO donors. The results demonstrated a pronounced fall in activity as the deletion distance increased, such that the 200-nt 1st step deletion donor was 25-fold less active than the SSO-0 (Fig. 3a) . Although the activity of the 2nd step donors also declined as a function of distance from the break, they were more active than their 1st step counterparts.
We repeated the experiment in cells in which the I-SceI expression plasmid was introduced with the deletion donors. The results were quite similar to those with the pso-TFO/UVA. There was a marked decline in activity relative to SSO-0, with the 200-bp 1st step deletion donor only 2% as active. Again the 2nd step deletion donor was more active than the 1st step donor (about 13-fold for the 200-nt deletion donor) (Fig. 3b) . These results indicated that the donor activity was sharply reduced as a function of distance from the DSB, independent of the agent that induced the break. They also demonstrated an asymmetry in the activity, with the 2nd step deletion donors always more active than the 1st step donors.
Precise and Imprecise Conversion Products-The variance in activity of the 1st and 2nd step deletion donors was unexpected. Some insight into the basis for this was derived from a sequence analysis of the region adjacent to the break site in the clones in which conversion had occurred.
The PCR products of the target region from clones from experiments with the SSO-0 donor contained the sequence expected from this donor (61) . We then examined the sequences of clones derived from the 200-nt deletion donors. The sequences from the 1st step donors were in accord with expectation indicating faithful sequence conversion. However, the analysis of clones derived from the experiment with the 2nd step donor revealed two kinds of products. Approximately 75% were precise deletions, exactly as expected from the design of the donor. However, the remaining clones contained small deletions, as well as repeats, of sequence found in the region of the SSO donor that would be engaged during the second annealing step (diagrammed in Fig. 3c ). These products were consistent with a pathway involving annealing in the first step as predicted by the two-step model. In the second step repair was completed by NHEJ, rather than another cycle of annealing.
Activity of the 2nd
Step Deletion Donor in Cells Deficient in DSB and HDR Repair-We were curious about the influence of repair functions in SSO-mediated sequence conversion. Genes of particular interest were components of the FA/BRCA pathway, which have been implicated in both cross-link (70, 71) and DSB repair, including NHEJ (72, 73) and HDR pathways (74) . Thus we examined the activity of the SSO-0 and the 200-nt 2nd step deletion donor in cells with mutant or impaired FA and HDR proteins.
The pso-TFO was introduced into cells deficient in FancG, Xrcc3, Rad51 (75), or Brca2. In the first series of experiments we co-electroporated the 200-nt 2nd step deletion donor. The influence of the repair deficiency on the frequency of the precise deletion product is shown in Fig. 4a . Although the results in the FancG-deficient cells were indistinguishable from wild type (75% precise conversion), there was a decline in the frequency of precise deletions in cells with defects in HDR. In the Xrcc3-deficient cells the frequency of precise products was 50%. There were further reductions in cells expressing the dominant-negative Rad51 and in the Brca2-deficient cells, which had 15% precise deletion products. Complementation of Brca2-deficient cells with the wild type BRCA2 gene restored the frequency of the precise deletion product to wild type levels. These results argued that strand invasion functions were required for the majority of precise conversion events by the SSO 2nd step deletion donor (see supplemental Fig. S1 for a schematic and explanation).
The relationship between the 2nd step deletion donor and the HDR status of the cells contrasted with the results with the SSO-0 donor. There was no linkage between the frequency of conversion products and the status of strand invasion functions. The results in all the host cells were similar to those recovered from wild type cells (Fig. 4b) .
Overexpression of CtIP Increases the Activity of the 1st
Step Deletion Donor-In the light of the very low activity of the 1st step deletion donor, it was of interest to ask if the opportunities for productive interaction by this donor could be increased, by increasing the resection activity at the ends. CtIP is an important modulator of resection in mammalian cells, whose activity is stimulated by phosphorylation during S phase (29, 31, 32, 76, 77) . Consequently, we asked if overexpression of CtIP protein could enhance the activity of the oligonucleotides. Cells were co-electroporated with the pso-TFO, the expression plasmid encoding a CtIP-GFP fusion, and either the SSO-0 donor, or the 200-nt 1st step deletion donor. Expression of the CtIP-GFP fusion was verified by fluorescence analysis of the transfected cells. Examination of the Hprt-deficient clones revealed that there was no effect of CtIP overexpression on the activity of the SSO-0 donor (Fig. 5a) . However, when we examined the product distribution from the experiment with the 200-nt 1st step deletion donor we observed a 6-fold increase in activity (Fig.  5b) . This experiment could be most simply interpreted as indicating that enhanced resection activity, mediated by CtIP, generated a higher frequency of substrates available for annealing with the 200-nt 1st step deletion donor. On the other hand, this activity did not generate additional substrates for the SSO-0 donor.
Lack of Competition between SSO-0 and SSA-The design of our experiments was influenced by the studies in yeast in which the SSO donors were shown to enter an SSA pathway (56) . However, the decidedly low activity of the 200-nt deletion donors (particularly the 1st step donor) suggested that either the SSA pathway was relatively inactive in the cells employed in our experiments, or the SSO donors did not actually enter this pathway. To distinguish these possibilities we constructed a new cell line (AA8-SSA) by targeted knock-in ("Materials and Methods") (Fig. 6a) . We introduced into intron 5 a 270-nt sequence also found in intron 4, as well as the I-SceI recognition sequence and the pso-triplex target sequence adjacent to exon 5. Intron 5 proved to be tolerant of the 270-nt insertion and the Hprt gene had wild type activity. The 270-nt direct repeats were positioned ϳ200 nt on either side of exon 5, the same region that had been targeted by the 200-nt deletion donor SSOs. Repair by SSA of a DSB induced by I-SceI or the targeted psoralen cross-link would remove exon 5, one copy of the repeat, and the sequence between them. In preliminary experiments breaks were induced in the AA8-SSA cells either by I-SceI or the pso-TFO/ UVA, Hprt-deficient colonies were recovered, and the amplification products from the exon 5 region were characterized. The analysis showed efficient SSA activity with both agents, with absolute frequencies in the 0.5-1% range (not shown). These results demonstrated the capacity of the cells to support SSA between sequence elements that had been the target of the ineffective 200-nt deletion donors. We then performed an SSO competition experiment with the pso- TFO/UVA as the inducing agent. In one set of samples an oligonucleotide with no homology to the target (scrambled, SCR) was co-electroporated. In another set, the SSO-0 donor was co-introduced. Hprt-deficient colonies were recovered and the target region in individual clones characterized to measure the frequency of SSA. SSA events were identified at equivalent levels in both sample sets (Fig. 6b) . Consequently the frequency of SSA was unaffected by the presence of the SSO-0 donor. The amplification products from the clones from the samples in which the SSO donor had been present, but SSA had not occurred, were examined further. SSO-0 mediated sequence conversion was evident in about half of those colonies. Thus the SSO-0 donor was active although it failed to compete with the SSA pathway.
The SSO-0 donor employed in the preceding experiment engaged the sequences immediately adjacent to the break site, not in the repeated elements. Because the repeated elements had clearly participated in SSA we asked if an oligonucleotide with homology to them would interfere with their entry into the pathway. However, the introduction of a 100-mer oligonucleotide, identical in sequence to 100 nt in the repeat element, had no effect on the frequency of SSA. This was a further indication that the SSO donors were not able to compete for ends that entered the SSA pathway.
Competition between SSO-0 and NHEJ-The results of the experiment with the AA8-SSA cells could be summarized as follows. In the absence of the SSO-0 donor the introduction of a targeted DSB in the AA8-SSA cells resulted in precise deletions derived from SSA, and deletions with a range of sizes due to NHEJ. In the presence of the SSO-0 donor the frequency of SSA events was unaffected, whereas the frequency of NHEJ events was reduced. This suggested that sequence conversion by the SSO-0 donor occurred at the expense of the products of NHEJ. To address this possibility directly, we measured the frequency of NHEJ events, induced by the pso-TFO/UVA, in the presence of the scrambled oligonucleotide donor or SSO-0. The results showed that the frequency of NHEJ events was suppressed by the SSO-0 donor oligonucleotide as compared with the scrambled oligonucleotide (Fig. 7a) . These data favored the conclusion that SSO-mediated sequence conversion at DSBs occurred via the NHEJ pathway.
NHEJ has variant versions, including MMEJ, in which interactions between microhomologies are thought to stabilize end: end intermediates prior to formation of an intact, rejoined, duplex (12) . Sequence analysis of NHEJ products formed at the Hprt target site, in the absence of the SSO-0 donor, indicated a slight bias against MMEJ products compared with simple NHEJ , 1:1.3) . The analysis of the residual NHEJ products in the experiments with the SSO-0 donor demonstrated a shift that favored MMEJ events (MMEJ:NHEJ, 2:1). This suggested that ends that entered the MMEJ pathway were somewhat less available for engagement by the SSO donor than ends that were joined without microhomology involvement.
The classical version of NHEJ is dependent on the Ku80/70 complex as well as DNAPKcs and the XLF/Xrcc4/Ligase IV complex (7) . In our previous study we found that the frequency of SSO-0 sequence conversion was unaffected by deficiency in DNAPKcs (61) . We asked if the frequency of conversion would be affected in cells deficient in Ku80 or Xrcc4. However, we again found no distinction between these hosts and wild type cells (not shown). Consequently it appeared that the SSO-0 activity was not dependent on factors required for the classical pathway.
Recent work has shown a requirement for Mre11 activity in NHEJ (13) . In that study it was shown that that the frequency of end joining could be suppressed by incubation of human and hamster cells with MIRIN, an inhibitor of MRN (78, 79) . We introduced the pso-TFO and SSO-0 donor into cells and, following photoactivation, incubated them with or without MIRIN for 20 h. They were then fed MIRIN-free medium and the cells were processed as before. The cells were recovered from MIRIN treatment and there was no toxicity. The exposure to the drug reduced the recovery of colonies with SSO-0 conversion events by 2.2-fold (Fig. 7b) . The reduction in activity was similar to the MIRIN-induced decline in end joining events following DSB formation by I-SceI cleavage, reported recently (13) . Thus a treatment that reduced NHEJ activity also reduced activity of the SSO donor.
DISCUSSION
Investigator initiated sequence transfer to the genome can be regarded as the exploitation of a DNA repair pathway, defined by the initiating lesion and informational donor. To develop more efficient protocols it is important to identify the pathway(s) taken by combinations of lesion and donor. In the work reported here we have inquired as to the identity of the DSB repair pathway engaged by an SSO donor at the site of a DSB in mammalian cells. Our experiments addressed some of the tenets of the two-step annealing model from the yeast work: 1) oligonucleotide donors are active at distances from a DSB; 2) activity is independent of strand invasion functions; and 3) SSO donors participate in SSA.
Activity of SSO Donors Distal to a DSB-SSO donors designed to introduce deletions of a few hundred nucleotides were much less active than donors that engaged the region immediately adjacent to the break. This was most apparent with the oligonucleotides that we termed 1st step deletion donors. On the other hand the 2nd step deletion donors were more effective in generating precise deletions. Product analysis in repairdeficient cells indicated that the greater activity of these donors in wild type cells resulted from entry into multiple DSB repair pathways in the 2nd step. Multiple pathway involvement in DSB repair has been described previously (20, 80, 81) . However, the underlying conclusion from these experiments was that, in contrast to the situation in yeast, the opportunities for simple annealing 200 nt from either side of the DSB were quite limited.
SSO Donors Do Not Compete with Ends That
Enter SSA Pathways-SSA has a pronounced dependence on the ERCC1/ XPF complex in mammalian cells (49, 50, 52) . In our previous study we found that the activity of the ERCC1/XPF complex was not required for the activity of the SSO-0 donor (61) . This, and the failure of the SSO-0 donor to influence the frequency of SSA events in the AA8-SSA cells, argues that the oligonucleotides do not compete for ends that enter the SSA pathway. Thus, resected ends that enter the SSA pathways are largely refractory to engagement by the oligonucleotides. Consequently, yeast and mammalian cells are quite different in this regard.
One explanation for the difference in SSO donor activity in yeast and mammalian cells could be the greater extent of resection in yeast (82) . However, the 200-nt deletion donors were designed to generate deletions well within the range of resection in mammalian cells (38, 39) . Furthermore, the SSA events in the AA8-SSA cells required annealing interactions between homology elements located 200 nt at either side of the break site. Consequently it was unlikely that the extent of resection was the limiting factor for the deletion donors. It seems more likely that the differences between yeast and mammalian cells are due to DSB repair proteins found in the latter (DNAPKcs, Artemis, Brca1, and Brca2, and some of the Rad51 paralogues (21) ) and absent in the former. Presumably the additional proteins are important for maintaining the stability of mammalian genomes with greater complexity and repeated sequence content than in yeast.
It was possible to increase the activity of the 200-nt 1st step deletion donor, which can engage ends only by annealing, by overexpression of CtIP. We interpret this as indicating that the additional CtIP activity generated some resected ends that were free of the restriction on annealing with the deletion donor oligonucleotide. The increase in CtIP activity did not influence activity of the SSO-0 donor, suggesting that activity of this protein is not rate-limiting for the activity of a donor that engages sequences immediately adjacent to the break. It should be noted that whereas CtIP is important for SSA and homologous recombinational repair, it has been shown that total levels of NHEJ events at a break are independent of CtIP activity (83) .
The SSO-0 Donor Enters an NHEJ Pathway-Sequence conversion at the DSB site by the SSO-0 donor was accompanied by a reduction in the frequency of NHEJ events. Thus this donor engaged ends that would have been repaired by an NHEJ pathway. Although NHEJ has no requirement for a reference sequence with homology to the region of the break, our results argue that information transfer to the site of a DSB can occur via this pathway when a homologous oligonucleotide is present. Thus some of the intermediates generated during NHEJ processing (7) are targets for annealing by the SSOs, which would enter a scheme similar to that elaborated by the Resnick group, but differing in the distance of activity (from the break) and the enabling pathway.
What factors underlie SSO-0 donor activity? SSO-0 activity was unaffected by deficiencies in Ku80, DNAPKcs, and Xrcc4, all associated with C-NHEJ. However, the results of experi-ments with MIRIN indicate that the MRN complex is important for activity of the SSO-0 donor. This is consistent with recent work on the role of MRN in NHEJ, and argues that the oligonucleotide engages ends that would otherwise enter one or another of the deletional NHEJ pathways (13, 14) . The interpretation is complicated by the multiple roles played by the MRN complex in DSB repair (15, 84) . It is the sensor that detects damage and initiates the recruitment of a cascade of repair factors (85) . It is also involved in strand resection, an obligate step in both HR and SSA pathways (86, 87) . Thus it would seem that the oligonucleotide must engage an intermediate that appears subsequent to the initial MRN-bound DSB, an intermediate that is not a precursor to the strand resection pathways (see supplemental Fig. S2 for a schematic) . There are many different gene functions in NHEJ and it will be important to identify those required for the activity of the SSO donors.
Although obviously limited in the amount of information relative to duplex donors, the SSOs would appear to offer certain advantages. They can be synthesized quickly and be introduced into cells at much greater molar equivalents than plasmid-or phage-derived duplexes. Additionally, they are amenable to chemical modifications that improve nuclease resistance and hybrid stability, while retaining template function (88) . The results presented here suggest another feature that might be useful. NHEJ is operative throughout the cell cycle, including in G 0 and G 1 (89, 90) . Furthermore, it functions in terminally differentiated cells (91, 92) and in stem cells (93, 94) . If SSO sequence conversion donors are active at DSBs in noncycling cells, then it might be possible to develop protocols for sequence conversion at targeted breaks without requirement for cells in S phase, during which time the genome is most vulnerable to rearrangement.
